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A practical and fast method for thermal characterization of walls based on complex
Fourier analysis is proposed to determine the thermal capacitance (defined as the product
of density and specific capacity) and the thermal conductivity for a building wall using the
monitored inner/outer surface temperatures and outer heat flux. This method is useful for
in-situ determination of walls’ thermal properties in stochastic regimes and therefore
does not require any particular constraints in boundary condition.
The minimum measurement duration was analyzed by determining the relative de-
viation between consecutive optimal values for R and C in order to reduce as much as
possible the monitoring duration for energy auditors without losing accuracy.
& 2016 Published by Elsevier Ltd.1. Introduction
1.1. Importance of thermal properties for energy simulation
Evaluating how much heat is lost through external walls is a key requirement for building energy simulators and is
necessary for quality assurance and successful decision making in policy implementation and building design, construction
and refurbishment. Nowadays energy audits constitute one of the best solutions to assess the energy consumption in ex-
isting buildings and to recommend energy efficiency measures in order to reach a better energy performance [1]. The
thermal performance is generally estimated by using dynamic thermal simulations or steady state estimations using the
degree-days method [2]. One of the most experienced locks in thermal modeling of buildings, whether in dynamic or even
steady state conditions, is the determination of the thermal properties of walls, especially in existing buildings.
Energy auditors often use assumptions, sometimes aberrant, to overcome this problematic situation. In fact, new building
components are usually certified and their physical characteristics can be specified in many cases, but when dealing with
existing buildings the situation is more complicated since the properties are usually unknown, components have often been
degraded during the time, and the tests should be easy, quick, and non-destructive.
1.2. Lab conditions
In the laboratory, steady state conditions can be easily imposed to any building component and then its thermal
properties could be determined without major impediments [3–7].
Hadded, et al. [3] used a sample holder in copper placed between two boxes (A) and (B) for thermo physical
Nomenclature
φ heat flux (W/m2).
T temperature (°C).
R equivalent thermal resistance (m2K/W).
C equivalent thermal capacitance (J/m3K).
p Laplace transform variable (– ).
A, B, C, D, E, F constants (– ).
a, b, c, d constants (– ).
α, β, γ, ε, μ constants (– ).
Wij transfer matrix elements of the wall.
n harmonic index number (– ).
N harmonic order number (– ).
ω, Ω angular frequency (1/s).
D data logging duration.
F(p) Laplace transform function.
p1, p2, p3, p4 constants (– ).
Subscripts
w wall.
i inner surface.
o outer surface.
k temperature index number.
cn cosine, order n.
sn sine, order n.
cte constant.
approx Fourier approximated.
meas measured.
theo theoretical.
E. Sassine / Case Studies in Thermal Engineering 8 (2016) 84–93 85characterization of recycled textile materials used for building insulating. An electronic ohmmeter is used to measure the
heat resistance (R), in order to evaluate the amount of heat produced in the system by joule effect. The same setup was used
to determine the thermal conductivity and diffusivity. Fgaier, et al. [4] used the heat flow meter method to determine the
dynamic thermal performance of three types of unfired earth bricks. The method consists of simultaneously measuring the
heat flow and temperature on both faces of a sample subjected to a temperature gradient generated by two exchanger
plates. The sample and flow meters assembly is surrounded by an insulating belt so as to limit the lateral heat flow losses
and ensure a unidirectional flow in the central measurement area. Zhu, et al. [5] used the same method to determine
thermal properties of recycled concrete blocks. Laaroussi, et al. [6] applied the steady state, hot plate method to estimate the
thermal conductivity. The method is based on temperature measurements at the center of heating element inserted be-
tween the sample and polyethylene foam. The thermal diffusivity measurement is based on the flash method. An energy
pulse heats one side of a plane-parallel sample and the transient temperature rise T(t) on the backside due to the energy
input is recorded. Derbal, et al. [7] presented a method to identify the thermo physical properties of a given material
inserted between two layers of material for which the following characteristics are known: thermal conductivity and vo-
lumetric heat capacity. The material is subjected to a unidirectional heat flux produced by a flat heating resistance.
However, one of the disadvantages of measuring the thermal properties under a laboratory-controlled climate is that the
tested specimen would then be placed within a natural actual climate which differs from the testing conditions. In addition,
when dealing with existing buildings, imposing boundary conditions is usually expensive and cumbersome and is often
modified by natural stochastic conditions (wind, rain, sunlight, etc ...).
1.3. In-situ measurements
Accordingly, some researchers began seeking a derivation for the thermal properties based upon in-situ measurements
such as surface temperatures and heat fluxes.
Chaffar, et al. [8] used a flat heating resistance surface measuring 0.9 m 1.1 m pressed against the panel by an 18 cm
thickness polystyrene panel to direct most of the power dissipated by the resistance into the wall being tested. The method
consists of thermally examining an access surface by applying a heat flux and studying the response in terms of the
temperature recorded by infrared thermography on the opposite surface. Although it is only necessary to record the
transient temperature variation history for the transient plane source (TPS) method, it is still classified as a laboratory
controlled climate as the TPS element requires heating.
Even though the method is simple and gives satisfactory results, the equipment used is still expensive and cumbersome.
Outdoor test cells have been developed in order to tackle the challenging issue of experimentally characterizing innovative
envelope elements in real dynamic weather conditions [9]. Awad, et al. [10] Evaluated the thermal performance of a mid-
rise wood-frame building using a 3 m 6 m test house using a total of 41 sensors are installed inside the test house(24
thermocouple sensors, 10 heat flux sensors, and 7 relative humidity sensors).
However, although these methods very interesting for new envelope elements, they are not suitable to characterize
existing buildings.
Some works used light equipment to evaluate thermal resistance of buildings, but they neglected the thermal capaci-
tance which is a very important parameter for dynamic modeling. Asdrubali, et al. [11] presented the results of a mea-
surement campaign of in situ thermal transmittance, performed in some buildings in the Umbria Region (Italy), in order to
compare in situ thermal transmittance measurements and theoretical calculated U-values. Ficco, et al. [12] also presented
the results of an experimental campaign and compared in situ U-values with the estimated ones from design data and field
E. Sassine / Case Studies in Thermal Engineering 8 (2016) 84–9386analyses. Meng, et al. [13] determined the combined influence of the location of thermocouples and heat flow meters, the
size, shape and pasting angle of the heat flow meters on the measurement accuracy of the wall heat transfer coefficient (U-
value) using the heat flow meter method. Ahmad, et al. [14] conducted a study to determine the in situ thermal trans-
mittance and thermal resistance of two exterior reinforced precast concrete walls of a building constructed with hollow
panels using heat flux sensors, air temperature sensors, and thermocouples.
Luo, et al. [15] used the finite volume scheme and complex Fourier analysis methods to determine the thermal capa-
citance (defined as the product of density and specific capacity) and thermal conductivity for a building construction layer
using the monitored inner/outer surface temperatures and heat fluxes. The instrumentation recorded the external weather
conditions; wind speed and direction, air temperature, relative humidity and, the incident solar radiation on each wall
(vertical plane) and the horizontal plane. For each module, temperature and heat flux profiles through the walls, slab and
ceiling were recorded in conjunction with the internal air temperature and relative humidity. Approximately 105 data
channels were scanned and logged every 10 min for each of the modules all year round.
The method is very interesting but the data logging period of one month seems to be very large for an energy auditor to
measure the thermal properties of a wall.
Biddulph, et al. [16] stated that in-situ monitoring using thermometers and heat flux plates should be carried out in
winter over a two-week period to significantly reduce the dynamic effects of the wall’s thermal mass from the data.
In this paper, a new methodology is proposed to determine the equivalent thermal properties of a wall by using an
advanced thermal calculation method with the least amount of data possible. For this purpose, three parameters should be
measured with a constant time step: the temperatures of the inner and outer surfaces of the concerned wall and the heat
flux through one of its surfaces (preferably the external surface which generally undergoes more changes over time). One
original aspect in the approach is that minimum measurment time can be verified during data acquisition.2. Methodology
The method is based on the comparison of measured and theoretical heat fluxes and is summarized in Fig. 1. The inputRandomly initializing the 
values of R0 and C0
R and C 
stable over 
6 iterations
Input data for 5 hours (15 values)
Ti(t), To(t), φexp(t)
Determine the Fourier  
approximation of Ti and To
Determine the  transfer 
functions F1(p) and F2(p) 
Determine the theoretical flux 
φtheo(t) corresponding to Ti(t), To(t)  
Determine the optimized values of R 
and C by comparing φexp(t) and φtheo(t)
Continue monitoring 
for 5 additional hours 
Yes
Provide the optimized values of R and 
C and finish monitoring
No
Fig. 1. Process diagram for the proposed method.
E. Sassine / Case Studies in Thermal Engineering 8 (2016) 84–93 87data are the temperatures of the inside and outside surfaces of the wall and the outside heat flux.
As explained in the experimental model description, the temperature and heat flux data were recorded at regular time
intervals of 20 min, thus, a 5 h monitoring is equivalent to 15 time steps.
The temperatures are decomposed into Fourier series and then used to determine the theoretical heat flux using the
matrix of heat transfer for one-dimensional homogeneous multilayer plane constructions in Laplace domain. The elements
of the transmission matrices depends on the values of the equivalent thermal resistance R and the equivalent thermal
capacity C which initial values are determined randomly and then optimized by comparing the theoretical and experimental
heat fluxes by using the least squares method [8]. The optimal values of R and C are confirmed when the relative deviation
converges to zero for six consecutive values.
2.1. Mathematical modelThe method to deduce the transmission matrix of heat transfer for one-dimensional homogeneous multilayer plane
constructions in Laplace domain has been presented in many literatures [17–22]. The deduction process implemented
in this study is briefed as follows.The transmission Eq. (1), in terms of Laplace variable p given in hyperbolic function forms, relates the temperatures and
heat flows at both sides of the wall.
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We will present the general solution of F1(p) since F2(p) is then a particular case of F1(p) with α¼β¼γ¼ε¼0. By using
the measured data of Ti and To it is possible to determine a theoretical internal heat flux φi, theo and then compare it with the
measured flux φi, meas then optimize R and C until the difference between the two fluxes is minimal.
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In both cases (sine and cosine excitations), the heat flux is given by:Fig. 2. Experimental setup of the wall and the heating box.
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Fig. 3. Schematic cross section of the experimental setup.
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A, B, C, D, E and F are constants to be determined from the transfer function by identification.
2.2. Experimental model
The experimental wall constitutes one of the four lateral faces of the heating box which contains a radiator with a
controlled temperature fluid. The experimental wall is then subjected to a controlled ambiance through the radiator. Two
different signal types were programmed for the temperature of the fluid circulating inside the radiator Fig. 2 shows an
image of the experimental device (wall and heating box) before it is assembled, and on cross-sectional scheme of the device
and its components.
Two thermocouples give the inside and the outside surface temperature of the wall and one flux meter measures the flux
passing through the wall at the inside surface of the heating box (Fig. 3).
In the experimental study, the interior of the box represents the external environment of the house, which varies
randomly, and the atmosphere of the laboratory (outside the box) represents the interior ambiance of the house where the
temperature remains almost constant near 20 °C.
The temperature and heat flux data were recorded at regular time intervals of 20 min through a data logger.
The total experiment data logging duration is approximately 140 h.
The thermal properties of the experimental wall were determined experimentally in steady state laboratory conditions
before starting the tests for R and harmonic boundary conditions for C: Rw¼0,384 m2K/W, Cw¼129,7 Wh/m2K.
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Fig. 4. Input data of the surface temperatures (with their Fourier interpolations) and internal heat flux.
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This optimization process is made through the inverse method [8] by comparing experimental data with the theoretical
model meant to describe these data using the least squares method.
After the determination of the theoretical heat flux for random initial values of R and C, the method of least squares is
used to minimize the sum of deviations between the measured and calculated heat flux in order to find the optimal values
of R and C. The initial values of R and C were chosen randomly (Ri¼0.6 m2K/W, Ci¼100 Wh/m2K.).
The optimization was performed using the Generalized Reduced Gradient (GRG2) Algorithm which is normally used for
optimizing nonlinear problems [24].3. Results
In Fig. 4, the black dotted curve represents the measured heat flux, the blue line represents the internal wall surface temperature Ti and the green
dashed line its corresponding Fourier approximation, the red line represents the internal wall surface temperature To and the purple long-dashed line its
corresponding Fourier approximation.
Note that the temperature curves and their corresponding approximations are perfectly coincident since the Fourier approximation was developed to
the 100th harmonic order (n¼100).
One of the advantages of this method is that it allows the visualization of heat fluxes generated by the temperatures of the interior and exterior
surfaces separately as shown in Fig. 5, which is impossible when it comes to an experimental measurement since the measurement directly gives the total
flux at the surface studied. The generated internal flux caused by the external surface temperature (when the internal surface temperature effect is-60
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Fig. 5. Numerical heat fluxes generated by internal and external wall surfaces temperatures and total heat flux.
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3.1. Determination of R and C
Fig. 6 shows a good accuracy between the measured and calculated heat flux for the optimized values of R and C.
The difference between the theoretical and the measured heat flux is minimal for Rw¼0.400 m2K/W and Cw¼125.5 Wh/m2K. For these values, the two
curves are very similar which confirms the validity of the method and the obtained results. In addition, the values of R and C are very close to those
obtained in steady state boundary conditions with respective relative deviations of 3,9% for R and 3,2% for C.
Note that R and C are equivalent thermal properties of the wall, that means that for multilayered walls they represent the thermal properties of an
equivalent homogeneous wall having the same thermal behavior. For an energy engineer or an energy auditor, equivalent R and C are necessary and
sufficient, since the main purpose is to determine the thermal behavior of the whole wall and not to identify the physical properties of each of the layers
composing it.
3.2. Influence of the monitoring duration on the optimized values of R and C
It is important to determine the minimal measurement time needed to determine R and C without loosing too much precision.
For this purpose R and C were determined each 5 h of data record using the cumulated recorded data in order to visualize the convergence of R and C
throughout the data logging time.
Fig. 7 shows the variation of the optimal values of R and C throughout the data logging time; it also shows that the 2 curves have similar shapes and0
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E. Sassine / Case Studies in Thermal Engineering 8 (2016) 84–9392converge after almost 90 h of data logging ( four days). However, to ensure that these parameters converge, one additional day of data logging is needed
reaching with that around five days of data logging.
This result is in compliance with the results of Ahmad et al. [14] who found that a monitoring period of six days is sufficient to ascertain the in situ
thermal transmittance and thermal resistance of reinforced precast concrete walls.
Fig. 8 also shows the same result when comparing two consecutive optimal values for R and C, the relative deviations for both parameters converge to
0 after also after almost 90 h of data logging.
The application of the presented method allows the auditor performing the measurements to check throughout data logging if a convergence is
reached.4. Conclusion and recommendations
This paper offered a practical methodology for thermal characterization of existing walls with a good accuracy. Although
the monitoring is relatively long lasting (around 5 days for the case studied), this method remains unsophisticated from an
experimental point of view since it doesn’t require any imposition of particular boundary conditions and it provides sa-
tisfactory and accurate results. By adopting this approach, an energy auditor can now determine the building's walls
properties without resorting to personal estimates and assumptions often leading to erroneous studies.
This study described the method adopted which has been proven through measurements in the laboratory; it will be
complemented by in-situ tests on various walls under various climate conditions in the upcoming works in order to
compare data logging durations needed for different types of existing walls.References
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